Epithelial Na ؉ channel (ENaC) maturation and activation require proteolysis of both the ␣ and ␥ subunits. Cleavage at multiple sites in the finger domain of each subunit liberates their autoinhibitory tracts. Synthetic peptides derived from the proteolytically released fragments inhibit the channel, likely by reconstituting key interactions removed by the proteolysis. We previously showed that a peptide derived from the ␣ subunit's autoinhibitory sequence (␣-8) binds at the ␣ subunit's fingerthumb domain interface. Despite low sequence similarity between the ␣ and ␥ subunit finger domains, we hypothesized that a peptide derived from the ␥ subunit's autoinhibitory sequence (␥-11) inhibits the channel through an analogous mechanism. Using Xenopus oocytes, we found here that channels lacking a ␥ subunit thumb domain were no longer sensitive to ␥-11, but remained sensitive to ␣-8. We identified finger domain sites in the ␥ subunit that dramatically reduced ␥-11 inhibition. Using cysteines and sulfhydryl reactive cross-linkers introduced into both the peptide and the subunit, we also could cross-link ␥-11 to both the finger domain and the thumb domain of the ␥ subunit. Our results suggest that ␣-8 and ␥-11 occupy similar binding pockets within their respective subunits, and that proteolysis of the ␣ and ␥ subunits activate the channel through analogous mechanisms. . 2 The abbreviations used are: ENaC, epithelial Na ϩ channel; MTS, methanethiosulfonate; MTS-4-MTS, 1,4-butanediyl bismethanethiosulfonate; TEVC, two-electrode voltage clamp; P o , open probability; DMSO, dimethyl sulfoxide; ANOVA, analysis of variance.
The epithelial Na ϩ channel (ENaC) 2 is activated by double cleavage of both the ␣ and ␥ subunits (1, 2) . The cleavages occur in a highly variable region of the finger domains of both subunits (Fig. 1) . The cleavages per se are not sufficient to activate ENaC. Rather, liberation of the intervening autoinhibitory tracts is both required and sufficient to activate the channel (2, 3) . Furin, a trans-Golgi resident, pro-protein convertase, cleaves the ␣ subunit both proximal and distal to the ␣-autoinhibitory tract, following RXXR motifs (4) . Furin cleaves the ␥ subunit only proximal to the ␥-autoinhibitory tract. Distal cleavage of the ␥ subunit is catalyzed by cell-surface resident (e.g. prostasin) or lumenal (e.g. plasmin) proteases, which are more abundant in pathophysiologic states or in response to hormonal signaling.
Proteolytic ENaC activation occurs in the aldosterone-sensitive distal nephron (5) , where ENaC-mediated Na ϩ reabsorption is coupled to K ϩ secretion (6) . Proteases also regulate ENaC in the lung airway and alveoli (7) , where ENaC regulates the airway surface liquid height (8) . In these and other tissues, proteolysis of the ␥ subunit at the cell surface may play important physiologic roles or contribute to the pathophysiology of disease. For example, aldosterone increases prostasin expression (9) , proteinuria increases lumenal plasmin concentrations (10) , and inflammatory lung disease is associated with increased airway protease concentrations (11) .
We previously reported that a peptide derived from the ␣-autoinhibitory tract (␣-8, Fig. 1B ) inhibits the channel by binding the finger-thumb domain interface of the ␣ subunit (12) . We also showed that ␣-8 and the ␣-autoinhibitory tract have overlapping binding sites. In addition, we identified an inhibitory peptide derived from the ␥ subunit (␥-11, Fig. 1B ), and found that it competes with the ␥-autoinhibitory tract (13) .
Here we used functional measurements in Xenopus oocytes to investigate inhibition by ␥-11. We show that the ␥ subunit thumb domain is required for ␥-11 inhibition, but not for ␣-8 inhibition. This suggests independent binding sites for ␣-8 and ␥-11. Using mutagenesis, we show that ␥-11 inhibition depends on key residues in the ␥ subunit finger domain. Using a crosslinking approach, we also show that ␥-11 binds to the ␥ subunit finger-thumb interface. Taken together, our data suggest that cleavage of the ␣ and ␥ subunits activates ENaC through analogous mechanisms, i.e. by removing autoinhibitory domains from the finger-thumb interfaces of the respective subunits.
Results

The ␥ subunit's thumb domain is required for inhibition by ␥-11
We previously reported that ␣-8 inhibits ENaC currents by binding at the ␣ subunit's finger-thumb domain interface ( Fig.  1) (12, 14) . Although there is little sequence conservation between the ␣ and ␥ subunits in the regions encompassing the subunits' cleavage sites and autoinhibitory tracts (14% identity), both follow a conserved area that includes ␤-strand 2 and helix 1 (50% identity) and precede an area including a pair of conserved cysteines and helix 2 (53% identity). We hypothesized that ␥-11 inhibits ENaC currents by binding at the ␥ subunit's finger-thumb interface, analogous to ␣-8 inhibition through ␣ subunit binding.
We first tested whether ␥-11 inhibition requires the ␥ subunit's thumb domain. Channels with ␥ subunits that lack a thumb domain are functional (15) . Consistent with competition between the autoinhibitory tract in the ␥ subunit and ␥-11, we previously demonstrated that channels that retain the ␥ subunit autoinhibitory tract are more poorly inhibited by ␥-11 than channels that lack the ␥ subunit autoinhibitory tract (13) . Because Xenopus oocytes expressing mouse ENaC only cleave the ␥ subunit once leaving the ␥ autoinhibitory tract in place, we deleted the thumb domain in the ␥ subunit using a construct lacking the autoinhibitory tract (␥⌬144 -186 or ␥ ⌬I ). This construct retains the furin site at Arg-143, so it is cleaved when expressed in oocytes. However, channels lacking both the ␣ subunit and ␥ subunit autoinhibitory tracts have a high P o (16, 17) , which reduces apparent ␥-11 affinity because the open state is strongly favored (seemingly "locked open") (13) . To lower the P o of our baseline construct, we expressed these ␥ mutants with ␣ subunits lacking furin-cleavage sites (␣R205A, R231A or ␣ F ) and WT ␤ subunits. To determine whether our constructs were locked open in our experiments, we first measured inhibition by an independent effector. We measured Na ϩ self-inhibition (allosteric ENaC inhibition by extracellular Na ϩ ) by rapidly increasing [Na ϩ ] in the bath while continuously recording the current at constant voltage. This maneuver rapidly increases the driving force for Na ϩ entry while simultaneously introducing an ENaC inhibitor to the bath, and results in a peak current that decays over several seconds ( Fig. 2A ). We assessed Na ϩ self-inhibition by measuring the magnitude of current decay relative to the peak current after rapidly increasing [Na ϩ ] (18 -20) . Both constructs exhibited clear Na ϩ selfinhibition ( Fig. 2A) , with control channels having 11 Ϯ 5% inhibition (n ϭ 18) and thumb deletion channels having 23 Ϯ 8% inhibition (n ϭ 30; p Ͻ 0.0001 versus control by Student's t test). These data place an upper limit on channel P o in buffers containing 110 mM Na ϩ , suggesting neither channel is locked open. We then added ␥-11 to determine the effect of removing the thumb domain on inhibition. We found that even 100 M ␥-11 poorly inhibited currents from the ␥-thumb domain deletion mutant (29 Ϯ 8%), consistent with an IC 50 greater than 100 M. In contrast, control channel currents were inhibited by 90% at 10 M ␥-11, and the measured IC 50 was 1.7 Ϯ 0.9 M. These data suggest that the ␥ subunit's thumb domain plays a critical role in ENaC inhibition by ␥-11.
We postulated that the requirement for the ␥ subunit thumb domain was specific to inhibition by ␥-11. To test specificity, we determined whether deleting the ␥ subunit thumb domain affected inhibition by ␣-8. WT ENaC subunits expressed in oocytes are cleaved by furin and do not retain the ␣ subunit's inhibitory tract that competes with ␣-8 binding (16) . We therefore deleted the ␥ subunit thumb domain in a WT ENaC background. We then determined whether the control or ␥ thumb domain deletion mutant was locked open by measuring Na ϩ self-inhibition ( Fig. 3A ). Extracellular Na ϩ inhibited ␣␤␥ by 17 Ϯ 5% (n ϭ 14) and ␣␤␥ ⌬Thumb by 8 Ϯ 5% (n ϭ 9, p Ͻ 0.01 by Student's t test). These data demonstrate that neither channel is locked open (as Na ϩ inhibition remains evident), but suggest a higher upper limit for the P o of ␣␤␥ ⌬Thumb as compared with WT. When we added ␣-8 to the bath, we found that ␣-8 inhibited both WT and the ␥ subunit thumb deletion mutant in a Predicted secondary structure of the ␣ subunit is shown. Proximal and distal cleavage sites flank the imbedded inhibitory tracts, which are poorly conserved across subunits. Synthetic peptides corresponding to key sequences in the ␣ and ␥ subunit inhibitory tracts (i.e. ␣-8 and ␥-11) inhibit channel currents. Several proteases can cleave the ␥ subunit distal to the imbedded inhibitory tract in the ␥ subunit, including matriptase/CAP3 at a number of sites (41) , and the following proteases at sites indicated by ∧: 1) TMPRSS4/channel activating protease 2 (CAP2) (42), 2) prostasin/channel activating protease 1 (CAP1) (2) and kallikrein (43) , 3) plasmin (44), 4) pancreatic elastase, and 5) neutrophil elastase (45) . Open triangles indicate sites mutated for experiments in Fig. 4 . The closed triangle indicates the site mutated in Fig. 5 .
dose-dependent manner (Fig. 3A ). Inhibition of ␣␤␥ ⌬Thumb was modestly weaker than WT at 3 M ␣-8 ( Fig. 3B ). This may be in part due to the lower propensity for ␣␤␥ ⌬Thumb to close (13) . Nonetheless, ␣-8 does not require the ␥ subunit thumb domain to inhibit ENaC, whereas ␥-11 clearly does ( Fig. 2B ).
We then tested the ability of chymotrypsin to activate both ␣␤␥ and ␣␤␥ ⌬Thumb channels. Because Xenopus oocytes endogenously express furin, activation of WT ENaC by exogenous proteases occurs though cleavage of the ␥ subunit distal to the autoinhibitory tract. Based on our hypothesis of ␥ subunit autoinhibitory tract function, we predicted that channels lacking the ␥ subunit thumb domain would be poorly activated by proteolytic removal of the ␥ subunit autoinhibitory tract. Indeed, we found that chymotrypsin robustly activated WT channels, but not channels lacking the ␥ subunit thumb domain ( Fig. 3C ). These data suggest that the ␥ subunit thumb domain is required for proteolytic activation resulting from removal of the ␥ subunit autoinhibitory tract. These data are consistent with the notion that the ␥ autoinhibitory tract and ␥-11 both require the ␥ thumb domain to affect inhibition.
Sites in the ␥ subunit finger domain affect ␥-11 inhibition
Tryptophan mutagenesis of specific sites in the ␣ subunit's finger domain weakened ␣-8 inhibition (12) . Several of these sites are conserved in the ␣ and ␥ subunits ( Fig. 1B , open triangles). We tested our hypothesis of ␥-11 binding and inhibition by mutating these sites to tryptophan and determining the effect on ␥-11 inhibition ( Fig. 4 ). We introduced mutations into an ␣ F ␤␥ ⌬I background as described above for experiments in Figure 2 . The ␥ subunit thumb domain is required for inhibition by ␥-11. Oocytes were injected with 2 ng/subunit of cRNA encoding the ENaC subunits indicated, and whole cell recordings of currents were performed 1 day later by TEVC at Ϫ100 mV. A, representative recordings are shown; the response to two ␥-11 concentrations were measured in each cell. Na ϩ selfinhibition was elicited by increasing bath [Na ϩ ] from 1 (1 Na ϩ ) to 110 mM (110 Na ϩ ). Indicated concentrations of ␥-11 and 10 M amiloride were diluted into 110 Na ϩ buffer. Current measurements were taken at the peak elicited by 110 Na ϩ (I peak ), and at the end of each bath condition, giving I 110Na , I ␥-11,1 , I ␥-11,2 , and I amiloride . Na ϩ self-inhibition was determined as (1 Ϫ (I peak Ϫ I Na110 )/ (I peak Ϫ I amiloride )) ϫ 100%. Peptide Inhibition was determined as (1 Ϫ (I 110Na Ϫ I ␥-11,X )/(I 110Na Ϫ I amiloride )) ϫ 100%. Baseline currents were Ϫ1.9 Ϯ 1.2 A for ␣ F ␤␥ ⌬I and Ϫ2.1 Ϯ 0.9 A for ␣ F ␤␥ ⌬I,⌬Thumb . B, dose-response curves were plotted (mean Ϯ S.D., n ϭ 7-13) for ␣ F ␤␥ ⌬I and ␣ F ␤␥ ⌬I,⌬Thumb , and fit to the Hill equation with the Hill coefficient fixed to 1. IC 50 values were 1.7 Ϯ 0.9 M for ␣ F ␤␥ ⌬I and Ͼ100 M for ␣ F ␤␥ ⌬I,⌬Thumb . A for ␣␤␥ ⌬Thumb . B, dose-response curves were plotted (mean Ϯ S.D., n ϭ 9 -14) for ␣␤␥ and ␣␤␥ ⌬Thumb , and data were analyzed by two-way ANOVA followed by Sidak's multiple comparison test. Differences were detected as the result of changing concentrations (p Ͻ 0.0001) and between groups (p Ͻ 0.0001), but not for the interaction between groups and concentrations (p ϭ 0.11). Differences were also detected both groups at 3 M ␣-8 (***, p Ͻ 0.001 versus WT). C, oocytes expressing the ENaC subunits indicated were perfused with 2 g/ml of chymotrypsin for 2 min in 110 mM Na ϩ buffer to determine whether each channel could be proteolytically activated. Currents were measured by TEVC at Ϫ60 mV, and measurements were taken just prior to chymotrypsin addition, at the end of chymotrypsin addition, and at the end of 10 M amiloride addition. The change in amiloride sensitive current in response to chymotrypsin addition is reported. ****, p Ͻ 0.0001 by Student's t test.
␥ cleavage relieves inhibition at the finger-thumb interface Fig. 2 . Two of the mutants, L212W and A231W, had time-dependent current rundown that was 4 -5-fold greater than control channels, confounding measurements of peptide inhibition (data not shown). As a result, we excluded these mutants from our analyses. We first assessed Na ϩ self-inhibition to determine the effect of mutation on inhibition by an independent effector. Two mutants showed Na ϩ self-inhibition similar to control, and one, T224W, had minimal Na ϩ self-inhibition (3 Ϯ 2%, n ϭ 7), suggesting it may be locked open (Fig. 4, A and B) . Examining the effect of the ␥ subunit finger domain mutation on ␥-11 inhibition, we found that G209W, T224W, and N242W greatly reduced ␥-11 inhibition ( Fig. 4, A and C) . Because T224W was also poorly inhibited by an independent effector, the reduction in inhibition by ␥-11 may not be due to direct interference with the mechanism of ␥-11 inhibition. In contrast G209W and N242W had Na ϩ self-inhibition similar to control channels, suggesting that mutation at these sites in the ␥ subunit finger domain specifically interfere with inhibition by ␥-11.
␥-11 derivatives cross-link to sites in the ␥ subunit finger and thumb domains
Our data suggest a role for the ␥ subunit finger and thumb domains for ␥-11 binding and inhibition. To determine whether ␥-11 binds at the ␥ subunit finger-thumb interface, we attempted to cross-link the peptide to the channel by using sulfhydryl reactive cross-linkers and cysteines introduced at specific sites in both the peptide and the channel. In experiments with mouse ENaC and cysteine derivatives of mouse ␥-11, we found that peptide inhibition was poorly reversible making cross-link detection difficult. When we tested human ENaC with cysteine derivatives of human ␥-11, we found that inhibition was largely reversible. Human ␥-11 inhibited ␣␤␥ ⌬I with an IC 50 of 10.1 Ϯ 2.4 M (n ϭ 7), which is ϳ2.9-fold weaker than the analogous mouse combination (13) . We speculate that the increased reversibility of human ␥-11 may be due to its decreased hydrophobicity (m␥-11: RFLNLIPLLVF versus h␥-11: RFSHRIPLLIF). We found that human ␥-11 derivatives with cysteine added to the beginning (CRFSHRIPLLIF) or end (RFSHRIPLLIFC) of the sequence, or with cysteine substitution at the third position (RFCHRIPLLIF), inhibited the channel (Fig. 5A) .
Based on our model of ␣-8 inhibition through binding the ␣ subunit (14) , we predicted that the C terminus of bound ␥-11 lies near two conserved Ser residues just before the predicted helix ␣2. We therefore generated ␥S220C in a human ␥ ⌬I background, and expressed h␣ F ␤␥ ⌬I S220C (S220C) or h␣ F ␤␥ ⌬I ␥ cleavage relieves inhibition at the finger-thumb interface (control) channels in oocytes ( Fig. 5 ). We first perfused oocytes with 10 M 1,4-butanediyl bismethanethiosulfonate (MTS-4-MTS) for 15 s (Fig. 5A ). We and others have reported that longer exposures to bifunctional methanethiosulfonate (MTS) compounds irreversibly inhibit ENaC (21) (22) (23) (24) . This step labels accessible cysteines on the channel with MTS-4-MTS, potentially leaving an unreacted MTS group tethered to the mutated site. After a wash step to remove MTS-4-MTS from the bath, we added ␥-11 cysteine derivatives. If the bound inhibitory peptide presents a cysteine in close proximity to an MTS group tethered to the channel, the bound peptide may react and become tethered to the channel. To detect this possibility, we removed the inhibitory peptide from the bath and measured reversibility of peptide inhibition (Fig. 5A ). We reasoned that reduced reversibility with specific combinations of ␥ subunit mutant and ␥-11 derivative suggests cross-linking. We observed reduced reversibility with the ␥S220C/RFSHRIPL-LIFC combination as compared with control channels with the same ␥-11 derivative, or with the same mutant but a different ␥-11 derivative (RFCHRIPLLIF), or with the same mutant and peptide but omitting MTS-4-MTS (Fig. 5, A and B) . These data suggest that the C terminus of ␥-11 cross-links to the ␥ subunit finger domain.
We also predicted that the N terminus of bound ␥-11 lies at the finger-thumb domain interface. To test our hypothesis, we generated ␥Q426C in a human ␥ ⌬I background, and expressed h␣ F ␤␥ ⌬I Q426C (Q426C) or h␣ F ␤␥ ⌬I (control) channels in oocytes (Fig. 5, C and D) . In agreement with our hypothesis, we observed reduced reversibility of peptide inhibition with the ␥Q426C/CRFSHRIPLLIF combination than we did with control channels and the same ␥-11 derivative, or with ␥Q426C and a different ␥-11 derivative (RFCHRIPLLIF), or with ␥Q426C/CRFSHRIPLLIF but omitting MTS-4-MTS. These data are consistent with a model of ␥-11 inhibition where ␥-11 inhibits the channel by binding the ␥ subunit fingerthumb interface. A and B) and ␥Q426C in the thumb domain (C and D). A and C, currents were measured by two-electrode voltage clamp at Ϫ60 mV. Channels were labeled by perfusing oocytes with 10 M MTS-4-MTS for 15 s, followed by a 30-s wash (Ϫ). Channels were then inhibited by the ␥-11 cysteine derivative indicated for 60 s, followed by a wash step (Ϫ) to assess reversibility of peptide inhibition. Baseline currents were Ϫ1.0 Ϯ 3.3 A for ␥S220C, and Ϫ3.6 Ϯ 0.6 A for ␥Q426C. B and D, reversibility of peptide inhibition was measured by comparing the currents at the end of the final wash step to the currents just before peptide addition and the currents at the end of peptide addition (see schematic in A and C). Data were analyzed by one-way ANOVA followed by Tukey's multiple comparison test. *, p Ͻ 0.05; ***, p Ͻ 0.001; ****, p Ͻ 0.0001.
␥ cleavage relieves inhibition at the finger-thumb interface
Discussion
The ENaC ␣ and ␥ subunits share no sequence homology in the region that includes the cleavage sites and autoinhibitory tracts (Fig. 1B) . Despite this, our data suggest that the inhibitory mechanisms of peptides derived from these autoinhibitory tracts (␣-8 and ␥-11) are analogous. Each peptide inhibits the channel by binding to the finger-thumb domain interface of the subunit from which it is derived, and each peptide acts allosterically (Fig. 6 ).
Our previous work suggested distinct binding sites for each peptide. We showed that the ␣ subunit autoinhibitory tract and ␣-8 likely have overlapping binding sites (14) . We also showed that the ␥ subunit autoinhibitory tract competes with ␥-11 inhibition (13) . Accordingly, here we have shown that the ␥ subunit thumb domain is essential for ␥-11 inhibition (Fig. 2) , but not for ␣-8 inhibition (Fig. 3 ). Yet our data also suggest analogous binding sites for ␣-8 and ␥-11. We previously showed that mutations at specific sites in the finger domain of the ␣ subunit ␥ cleavage relieves inhibition at the finger-thumb interface diminished the efficacy of ␣-8 inhibition (12) . Mutations at two of the equivalent sites in the ␥ subunit reduced inhibition by ␥-11 (Fig. 4) . We have also shown that each peptide can be cross-linked at their N terminus to the respective thumb domain, and at their C terminus to the respective finger domain ( Fig. 5) (21) .
An allosteric mechanism for peptide inhibition is supported by several observations. Despite being positively charged, inhibition by an ␣ subunit-derived peptide was not voltage dependent and did not compete with amiloride, a bona fide pore blocker (3) . This likely rules out a pore-blocking mechanism analogous to amiloride. The sites we have identified for ␣-8 and ␥-11 are far from the putative channel gate in the transmembrane helices (see Fig. 1A ). Furthermore, we have shown that the finger-thumb domain interfaces of both the ␣ and ␥ subunits can be manipulated independently of peptide addition to modulate channel function (21, 22) . These data suggest that inhibitory peptide binding occurs at dynamic domain interfaces whose conformations are functionally coupled to the conformation of the channel pore. Additionally, the finger and thumb domains of proteins in the ENaC protein family have been implicated in channel regulation by other factors. For ENaC, these include Na ϩ (19, 25, 26) , protons (27) , other cations (28), Cl Ϫ (29), and laminar shear stress (30) . For ASIC1, these include protons (31, 32) , coral snake MitTx (33) , and tarantula psalmotoxin (34) .
By extension, our data suggest a mechanism for the proteolytic activation of ENaC (Fig. 6 ). The cleavage sites in the ␣ and ␥ subunits are necessarily exposed to allow for proteolytic enzyme access. This may have led to a labile sequence that is highly variable. Prior to proteolysis, key residues between the cleavage sites coordinate residues across the finger-thumb domain interface. These include the ␤2-␣1 loop, helix ␣2, and preceding ␤-strands in the finger domain, and the ␣4 -␣5 loop in the thumb domain (Figs. 4 and 5) (12, 14) . This arrangement at the finger-thumb domain interface favors the closed state at the channel gate. Upon proteolysis at both the proximal and distal sites in either the ␣ or ␥ subunits, the respective autoinhibitory tract is liberated, releasing interactions that had constrained the finger-thumb domain interface. We propose that autoinhibitory tract release-associated changes to the fingerthumb domain interface are coupled to conformational changes of the loops connecting the thumb domain to the palm domain. It remains unclear whether new interactions are facilitated by removal of the autoinhibitory tract. This new arrangement at the finger-thumb domain interface favors an open channel gate. The magnitude of the shift to favor the open state is greater in the case of double cleavage of the ␥ subunit than it is for the ␣ subunit (17) .
How and why the ENaC ␣ and ␥ subunits evolved to include autoinhibitory domains that can be proteolytically liberated remains unknown. Activation from a pro-form is a common theme in biology that is often mediated by proteases, but is unusual for channels or transporters. Delaying channel activation until arrival at the plasma membrane is mediated by phosphatidylinositol 4,5-bisphosphate (PIP 2 ) signaling (35, 36) , as for many other channels (37) . Proteolytic activation may have evolved to allow for a pool of inactive channels that can be rapidly recruited in response to a stimulus. Or, because uncleaved channels transport Na ϩ only at low [Na ϩ ] and cleaved channels transport Na ϩ at both low and high [Na ϩ ] (16), having a mixed population of channels may allow for fine tuning of Na ϩ reabsorption. ENaC subunits are expressed widely, including in Na ϩ transporting epithelia, in Na ϩ sensing epithelia, and tissues where ENaC may play a mechanosensing role. Proteolytic activation may have allowed for ENaC functional tuning, facilitating a variety of physiologic roles. Which functional roles drove the development of proteolytic ENaC regulation remains an open question.
Experimental procedures
Materials
All peptides were synthesized and HPLC-purified by Gen-Script Corp. (Piscataway, NJ), and were modified by N-terminal acetylation and C-terminal amidation. MTS-4-MTS was purchased from Toronto Research Chemicals (North York, ON).
Plasmids and site-directed mutagenesis
cDNA encoding ENaC subunits in pBluescript SK(Ϫ) (Stratagene, San Diego, CA) were previously described (38) . Plasmid containing ␥ ⌬Thumb was a generous gift from Shaohu Sheng. Site-directed mutagenesis was performed with the Quik-Change II XL Site-directed Mutagenesis Kit (Agilent, Santa Clara, CA). Primers were designed using QuikChange Primer Design (Agilent) and were obtained from Integrated DNA Technologies (Coralville, IA) to modify mouse or human ENaC subunits. Direct sequencing was used to confirm constructs.
ENaC functional expression in Xenopus oocytes
Plasmids were linearized with restriction endonucleases (New England Biolabs, Ipswich, MA) at 37°C overnight and purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Linearized plasmids were transcribed using mMessage mMachine T3 Transcription Kit (Invitrogen) and purified using the RNeasy MiniElute Cleanup Kit (Qiagen). Oocytes from Xenopus laevis were harvested and defolliculated using type II collagenase (Sigma). 1-4 ng of cRNA per ENaC subunit was injected into stage V or VI Xenopus oocytes using a Nanoject II (Drummond, Broomall, PA). Xenopus oocytes were stored at 18°C in modified Barth's saline (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 15 mM HEPES, 0.3 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , and 0.82 mM MgSO 4 , pH 7.4) supplemented with 10 g/ml of sodium penicillin, 10 g/ml of streptomycin sulfate, and 100 g/ml of gentamicin sulfate. The protocol for harvesting oocytes from X. laevis was approved by the University of Pittsburgh's Institutional Animal Care and Use Committee.
Measurement of ENaC currents
ENaC current was measured using the two-electrode voltage clamp (TEVC) technique using an Axoclamp 900A voltage clamp amplifier (Molecular Devices, Sunnyvale, CA) and pClamp 10.5 software (Molecular Devices). A 20-l recording chamber (AutoMate Scientific, Berkeley, CA) was used with perfusion (3-5 ml/min) controlled by an eight-channel pinch valve system (AutoMate Scientific). Measurement of ENaC ␥ cleavage relieves inhibition at the finger-thumb interface currents were made in Na-110 buffer (110 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , and 10 mM HEPES (pH 7.4)). At the end of each experiment, currents were measured in 10 M amiloride (stock solution of 100 mM amiloride in dimethyl sulfoxide (DMSO) stored at room temperature diluted into Na-110 buffer) to determine the amiloride-sensitive component of the current.
Na ؉ self-inhibition measurements
Na ϩ self-inhibition was measured as previously described (39) . Briefly, under constant voltage conditions, [Na ϩ ] was rapidly raised from 1 mM Na ϩ (with 109 mM N-methyl-D-glucamine chloride replacing 109 mM NaCl in Na-110 buffer) to 110 mM Na ϩ . Because ENaC Na ϩ self-inhibition is slow relative to bath exchange, acutely raising [Na ϩ ] from a low concentration (where the channel open probability (P o ) is high) results in a peak inward current that subsequently declines. Current reduction from the peak reflects Na ϩ self-inhibition.
Cross-linking ENaC and inhibitory peptides
Stock solutions of 10 mM MTS-4-MTS were prepared in DMSO, and stored under desiccant at Ϫ20°C for up to 2 months. Stock solutions of ␥-11 derivatives were made in DMSO at 10 mM, and stored at Ϫ20°C. Working solutions of MTS-4-MTS were prepared immediately before each experiment by diluting stock solutions into Na-110 buffer. Working solutions of amiloride and ␥-11 derivatives were prepared on the day of the experiment by diluting stocks into Na-110 buffer. Currents from ENaC expressing oocytes were continuously recorded while clamped at Ϫ60 mV. The bath was perfused with Na-110 at a rate of 3 ml/min throughout the experiment. After currents became stable (45 s), 10 M MTS-4-MTS was added for 15 s, followed by a 45-s wash with Na-110 buffer. Then 3 M ␥-11 derivative in Na-110 was added for 1 min, followed by a 45-60-s wash with Na-110 buffer. At the end of each experiment, 10 M amiloride was added for 10 s. Current measurements were taken just prior to peptide addition (baseline), at the end of peptide addition (inhibited), after the final wash (washout), and after amiloride addition. Amiloride-insensitive currents were subtracted from all measured currents. Reversibility was calculated by: 100% ϫ (washout Ϫ inhibited)/ (baseline Ϫ inhibited).
Statistical analyses
Group comparisons were performed by Student's t test or by ANOVA followed by a Tukey multiple comparison test, as appropriate. Prism 7 (GraphPad, Inc., La Jolla, CA) was used to perform statistical calculations and curve fitting. Adjusted values of p Ͻ 0.05 were considered significant. 
